Abstract-This paper investigates dynamic stability and control design of modern electric energy systems as many MWscale distributed generators (DG) of various types are deployed in the distribution side of electric systems. The paper is mainly concerned about small-signal frequency stability of distribution systems with decentralized or centralized control systems. The Gerschgorin Circle Theory and Hicks Stability Theory are used for verifying sufficient conditions for small-signal stability. The paper also discusses about designing advanced enhancing robustness methods to ensure both safety and stability of modern distribution systems. Finally, the paper closes with a discussion of policies needed to support large penetration of DG units in distribution systems to ensure safety and robustness of the system.
I. INTRODUCTION
EW pressures for more sustainable, cleaner, more efficient and simply smarter use of energy have led to large deployment of smaller-scale power plants closer to the end users. These units are broadly referred to as distributed generation (DG) and they offer many advantages to electric power systems. For instance, Combined Heat & Power (CHP) DG units offer the advantage of increased efficiency through waste heat recovery, and high reliability and security (Zerrifi et al [1] ). Low-head hydro, wind machines and solar arrays provide electricity from renewable sources. All DG systems also hold the potential to reduce transmission and distribution losses.
Nevertheless, for large integration of MW-scale DG systems into legacy distribution systems, it is essential to: 1) evaluate current operating and planning practices in order to best integrate and utilize new distributed energy resources; 2) identify potential technical challenges brought about by large integration of DG systems in electric power systems; and finally, 3) introduce technically innovative ways and theoretically sufficient conditions for facilitating the best integration of DGs without creating reliability and safety problems. This paper tries to address all three of these issues, demonstrating results on a representative electric power distribution system. It is worth mentioning that among all the technical problems may occur by extensive integration of DGs, small-signal frequency instability of distribution networks is the main concern of this paper.
Here first the plausible structure of modern distribution systems is demonstrated when DG units provide large portion of electricity and therefore the role of centralized power plants diminishes [2] . In section II it is illustrated how such a structure can potentially improve efficiency of electric power systems.
In section III it is shown that large penetration of DG units sending power into the electric distribution systems may cause small-signal frequency instability problems not being observed in the old systems with one power plant. This new phenomenon has been recently observed by several authors including Cardell et al [3] and [4] , Lopes et al [5] , Guttromoson [6] and Donnelly et al [7] . However, the explanation of the cause of these problems and the identification of solutions to deal with them still needs further investigation.
In Section III the frequency stability of a representative electric power distribution system is explored when DG units supply more than 10% of the electricity. Moreover, in section III the conditions in which frequency instabilities occur are investigated. Then, the nature of instabilities is identified by using Gerschgorin Circle Theory. The Gerschgorin Circle Theory is also applied to determine sufficient conditions for frequency stability of distribution systems with decentralized control systems.
Based on these findings, it is concluded that in order to ensure frequency stability of distribution systems with decentralized controls, each DG needs to be locally stable and also the strength of its electrical interaction with the rest of the system (other DGs in the system) should be weaker than the damping magnitude of the slowest eigenmode of the DG. Moreover, given a system of interest and candidate DGs, it is possible to derive the minimum electrical distance bound beyond which the system remains stable. These criteria could be used as guideline methods for approving placement of new DGs, which ensures robust of the system. In Section IV dynamic stability of modern electric energy systems equipped with centralized control systems is investigated. Sufficient conditions for frequency stability of these systems are also extracted by using Hicks Stability Theory. The findings demonstrate that it is essential for systems with centralized control systems to be fully controllable and observable.
Finally, the technical results induce questions regarding policy making and institutional arrangements for integrating in technically feasible ways of sitting and operating many larger DGs in the legacy distribution networks. Hence, Section V concisely identifies and discusses policy issues, which must be dealt with in order to make this feasible.
II. MODERN ELECTRIC ENERGY SYSTEMS
Traditionally, electric power systems have had vertical structures in which electricity is produced by large central power plants and transferred to the end users through transmission and distribution networks. Nevertheless, this structure presents some major drawbacks for utilities, consumers and environment. For instance, traditional power systems have low efficiency in producing and transferring electric power 1 , they have negative environmental impacts from large coal power plants and transmission lines, and also costs of enlarging transmission and distribution networks is very high. Consequently, such electric power systems have been transforming into modern electric energy systems with many new distributed generators on the distribution side of the network. Figure 1 shows a schematics of such a modern distribution system with new candidate DGs.
When larger DGs are responsible for supplying significant portion of system needs, it is essential that these units are equipped with proper frequency control systems. In fact, in most of the European countries such as Germany and Portugal it is highly recommended for large DGs to be equipped with governor-control (G-C) systems and participate in primary frequency control. In addition, in the next section it is shown that droop constants of DG units equipped with governorcontrol systems are significantly lower than that of DGs without G-C systems.
A. Droop Constant
In general "… The droop constant represents the sensitivity of the steady-state frequency to the real-power output of a generator when the frequency setting is kept constant …" [13] . Equation (1) shows how the droop constant (Σ) of a generator is calculated based on the sensitivity of frequency (ω G ) to the real power (P G ) [13] .
(1)
When the droop constant of DGs shown in Figure 1 is 1 Efficiency of centralized power plant is 30% whereas efficiency of Combined Heat and Power (CHP), which is one form of DG, is more than 95%.
calculated with and without closed loop frequency control system, it is revealed that DGs without closed loop controls have significantly higher droop constants. For instance, based on the equation (1) the droop constant of C-Ts with G-C is calculated as 0.075 p.u and that of C-Ts without G-C is measured as 0.5 p.u. This implies that in order to minimize the sensitivity of the frequency to the real power, at least larger DGs need to be equipped with closed loop G-C systems. The parameters of C-Ts are also extracted from [4] and represented in Table B.1. Nevertheless, it is explained in the next section of this paper that while G-Cs of DGs are adjusted for optimal steady state utilization and minimal droop constants, the system could become very sensitive (non-robust) even to very small fluctuations around operating points. In particular, it is shown that strong interaction between DG units or low damping magnitude of DGs could lead to small-signal frequency instabilities in the modern distribution systems. It is critical to observe that such analysis do not carry at traditional distribution companies, since in the old systems with one power plant this was not a possible scenario at all.
III. DECENTRALIZED CONTROL DESIGN FOR MODERN DISTRIBUTED ENERGY SYSTEMS
In this section frequency stability of future distribution systems with DGs equipped with decentralized control systems is assessed. Here the sufficient conditions for stability of such evolving distribution systems are identified using Gerschgorin Circle Theory. Earlier work has indicated that potential small-signal frequency instabilities may occur in distribution networks with large penetration of MW-scale DG units [3] [7] and [14] .
This paper stresses that it is possible to identify fundamental causes of potential frequency instabilities in terms of the strength of electrical interaction between DGs and the damping magnitude of the state variables of DG units. To this end, the paper first creates the dynamic model of the whole interconnected system by coupling the dynamic model of DGs to each other via the distribution network. As a result, a linearized state-space model of all segments of the network is developed. The first dynamic model being presented is the state-space model of local DG units. This model is extracted by linearizing the state-space model of DGs around their equilibrium point. In general, the dynamic model of DG units has the following structure [4] : (2) where is the local state vector of the DG, A LC is the local system matrix whose elements consist of the linear coefficients of DG's parameters, is the vector of coupling variables, and C M is the matrix of coupling variables whose elements are zero except for that corresponding to ω G . The non-zero element of C M is also equal to , where M is the inertia of the DG. This model has been developed for the first time in [4] . In the next step, the dynamic model of DGs is connected to each other via the interconnected system variable. The interconnected variable is chosen as the active power outputs of generators, P G , and the state-space equation for which is as following [16] ; (3) where represents load disturbance and K P and D P are coupling and disturbance matrices respectively, defined as following:
The J ij is also defined as with i and j = G (generator buses) and L (load buses). The model in (3) was first introduced in [16] and used for the first time in [4] . By adding (3) to (2) and expanding the model to the general form, the full system model with n DGs in the system takes the following form [4] :
This model was also introduced for the first time in [4] . However, [4] did not represent the decentralized characteristics of modern distribution systems. As a result, in order to better analyze dynamic stability of these systems, here the model of (4) is modified by changing the order of state variables and introducing new sub-systems whose state variables are the local state variables of DGs and the active power out of the corresponding DG. Therefore, the new system model takes the following structure:
where As noted earlier, the particular interest is to identify sufficient conditions for dynamic stability of future distribution systems. Thus, using Gerschgorin Circle Theorem, which has been fully explained in [17] , the following inequality holds for all the sub-systems of (5):
The left hand side of (6) represents the set of complex numbers that all the eigenvalues of the full system matrix lie in the union of these sets [17] . Also, the right hand side of (6) represents the sum of coupling variables between the ith DG and other DGs in the system. Hence, (6) can be re-written as following;
Equation (7) illustrates that eigenvalues of the full system lie in the circles with centers equal to the eigenvalues of subsystems and with the radius equal to the sum of the electrical interaction between DGs. Figure 2 demonstrates the schematic of the circles in which eigenvalues of the full system lie. The blue crosses represent the eigenvalues of subsystems (A ii ).
One can simply imply from Figure 2 that the stability of the system is satisfied when all the above-mentioned circles lie in the left hand side of the complex plane. This also implies that the main cause of frequency instability in distribution networks with high penetration of DGs is: 1) low damping magnitude of the state variables of local DGs 2) strong coupling between DGs. In general, low damping magnitude results from low inertia of DGs or poor tuning of their governor controls. Furthermore, strong coupling between DGs is caused by short electrical distance between DGs. In other words, low resistance between DGs results in the low damping magnitude of local modes and therefore it leads to local mode of oscillation in the system.
To explore these facts, here we investigate small-signal stability of the representative distribution network shown in Figure 1 when two C-T generators equipped with decentralized G-C systems. Dynamic model of the C-T generators is also presented in Appendix B.
The exhaustive small-signal study on 900 possible combinations of locating two C-Ts in the 30-node distribution system shows that 192 combinations of locating DGs are small signal unstable. That is, in 192 cases the system matrix has positive eigenvalues. It is worth mentioning that the optimum location with respect to loss minimization is also among unstable cases. Figure 3 shows how the frequency deviation of C-Ts placed at optimum locations becomes unstable. Moreover, the results show that none of the unstable cases are satisfying the sufficient conditions for stability. Analytical results of these cases are presented in Appendix A.
Furthermore, the results demonstrate that in general designing proper decentralized control systems for future distribution systems can ensure frequency stability of these systems. However, a proper control design is often very system-dependent since the stability criteria depends on many parameters such as the location of DG units in the system, DGs' technology, their inertia, the system topology, and the equilibrium point of the system. Moreover, DGs need to be locally controllable so that designing proper control systems satisfies the sufficient conditions for stability.
In order to improve dynamic stability of modern distribution systems, this paper recommends that at least MWscale DG units need to be equipped with advanced decentralized control systems which can place poles of DGs in the locations where the sufficient conditions for frequency stability of the whole system are satisfied. Equation (8) illustrates the mathematical representation of such decentralized control systems. (8) where is the decentralized control signal of the ith subsystem and B i is the control matrix. Furthermore, the control signal is a state feedback controller whose gain (K i ) is calculated based on the desire poles of the sub-system. Cheaper control design Implementing decentralized control systems also reduces complexity of controls. The paper also shows in the next section that without advanced decentralized control systems, future distribution systems need to be equipped with advanced centralized communication and observation systems to warrant frequency stability. Decentralized control systems nevertheless have some inherent drawbacks for future energy systems such as:
1. Potential sub-optimality (more MW loss); and, 2. Needs to ensure that decentralized controls do what they need to do AMI (Automatic Meter Infrastructure) can resolve the latter problem; however, due to delays in communication these technologies are not effective for primary control purpose. Furthermore, the former drawback of decentralized control systems is unavoidable due to the inherent sub-optimal characteristics of decentralized control systems. This problem can be resolved only by optimally implementing centralized control systems.
IV. CENTRALIZED CONTROL DESIGN FOR MODERN DISTRIBUTED ENERGY SYSTEMS
Another method to warrant robustness of modern distribution systems with large penetration of MW-scale DG units is employing centralized control systems. In fact, centralized control systems potentially allow us to stabilize the Fig. 2 . Illustration of the dynamic response of the system with two C-Ts when DGs are located at the optimum locations and their inertia has been increased tenfold. Fig. 3 . Illustration of how the frequency deviation of the distribution system with two C-Ts placed at optimum locations diverge to infinite when small perturbation, equal to 0.1 p.u., occurs at bus 15. whole system with minimum MW loss and with maximum efficiency. That is, the global optimum equilibrium can be extracted by this method.
In general, the necessary and sufficient condition for the small-signal stability of a system is satisfied when all the eigenvalues of the system matrix lie in the left-hand side of the complex plane [18] . In other words, all the eigenvalues of the system have negative real part or the system matrix is negative definite.
Furthermore, the sufficient condition for the stability of systems with centralized control design is fulfilled if the system matrix satisfies the Hicks Stability conditions. That is, all odd-order principle minors of the system matrix are negative and all even-order principal minors of the system matrix are positive [18] . Equation (9) demonstrates the Hicks Stability condition.
In general, in order to warrant small-signal stability of electric power systems with centralized control systems, the whole system needs to be fully controllable and observable. That is, the controllability and observability matrices should be full rank. To this end, implementing high level of reliable centralized communication and observation is essential. This allows us to stabilize the system at the global optimal equilibrium point. The controllability and observabililty matrices are also calculated from the following equations [18] :
where K is the controllability matrix, Ω is defined as the observability matrix, A is the system matrix, B is the control matrix, and C is the output matrix. Figure 4 illustrates how dynamic behavior of the representative distribution system shown in Figure 1 has been improved by implementing an appropriate centralized control system. Eigenvalues of the system, before and after implementing the centralized control system have been presented in Appendix A. Equation (10) also represents the general mathematical formula of centralized control systems.
where is the vector of centralized control signals, calculated based on the desired poles of the full system. K is also the gain matrix of the centralized control.
In fact, centralized control systems can potentially stabilize the system at the globally optimum equilibrium point; however, these systems have some inherent drawbacks for future distribution systems. For instance, costs of stabilizing systems with centralized controls are often much higher than that of decentralized control systems. In addition, centralized controls are very complex since only one decision maker designs the whole system. Moreover, employing centralized control systems raise the issues of cyber security. Centralized control systems have also long communication times and therefore are less effective for small-signal stability purpose.
In general it is feasible to stabilize modern distribution systems both with decentralized or centralized control systems (locally or globally). However, the question automatically raises of which control strategy is more appropriate. A possible answer to this question is that choosing between these two strategies depends highly on existing system design, regulation and policy. If the system already has a hierarchical structure and the policy of the utility is to conserve this structure, then a centralized control system is likely to be a better option. On the other hand, if the system has been converted to a liberalized system and policy is in favor of liberalization, then a proper control strategy for the system would more likely be decentralized control.
V. POLICY IMPLICATIONS AND CONCLUSIONS
This paper has demonstrated that advanced centralized or decentralized frequency control systems are essential to increase robustness and stability of the future distribution systems; otherwise, a simple laissez-faire approach, under which private operators can simply install and operate DG units without any constraint, is likely to lead to significant stability problems. The technical findings demonstrate where larger DGs are located can have a significant role in stability of modern distribution systems. The analyses developed in this research also point out that strong electrical interaction between DGs, low damping magnitude of DGs, and low inertia of DGs are the major causes of small-signal frequency instabilities in distribution systems with large penetration of DGs. If the strength of electrical interaction between DG units is more than the damping magnitude of the slowest eigenmode of DGs, strong coupling between generators might lead to overall instability in the local distribution systems. The results also show that critical electrical distance between DGs is a function of DGs' and networks' parameters such as the network location of DGs, inertia of DGs, gain of G-Cs, number of DGs in the system and networks' topology and characteristics.
If new, more distributed generation systems are to become viable, either some level of centralized and coordinated advanced dynamic modeling and analysis or some form of smart and advanced decentralized control systems will be essential to warrant frequency stability of modern distribution systems. In addition, the technical tools must include advanced dynamic analysis tools in parallel with static optimization software to ensure both efficiency and robustness. However, choosing between these two controlstrategies raises questions about "who is in charge" and of tradeoffs between high communication and observation or advanced local control systems. The best solution will depend essentially on technical design and regulation policies of the system.
From this work it is concluded that first it is not always feasible to allow independent entitles to site MW-scale DG facilities wherever they choose if distribution systems are designed to sell significant amounts of power to the electric system and DGs are not equipped with advanced decentralized or centralized control systems. Second, frequency stability of modern distribution systems is very system-dependent In this model, ω G is frequency, V CE is fuel control, W F is fuel flow and W F d is the derivative of fuel flow. M and D are the inertia and damping coefficients respectively. a, b and c are transfer function coefficients for the fuel system, and K D is the governor gain. β and δ are algebraic functions of the parameters, defined as β=b+cτ F and δ=c+aK F , where τ F is the fuel system time constant, and K F is the fuel system feedback gain. Numerical values of combustion turbine parameters are presented in Table B. 1. These equations are derived and simplified from the equations and models found in [19] , [20] and [21] and used for the first time in [4] .
